Background Adjacent segment degeneration is a longterm complication of arthrodesis. However, the incidence of adjacent segment degeneration varies widely depending on the patient's age and underlying disease and the fusion techniques and diagnostic methods used. Questions/purposes We determined (1) the frequency of adjacent segment degeneration and increased lordosis on imaging tests, (2) the frequency and severity of clinical sequelae of these findings, including revision surgery, and (3) the sequence of degeneration and risk factors for degeneration.
interbody fusion can support the anterior column, reduce slippage, minimize posterior injury, and restore disc height to achieve indirect neural decompression [4, 5, 15, 16, 22] .
Adjacent segment degeneration is a long-term complication of spinal arthrodesis. Biomechanical stress on the disc and facet joint of the adjacent segment has been suggested to be key to the development of adjacent segment degeneration [3, 12] . Adjacent segment degeneration has been studied extensively [19, 27] . Its incidence in the literature has ranged from 5.2% to 100% [27] . The wide range of the reported incidence results from differences in patient age, underlying disease, fusion technique, diagnostic criteria, and diagnostic methods used. To our knowledge, there has been no study of a group of patients with homogeneous disease at a single level treated by the same method and examined using CT and MRI.
We determined (1) the frequency of adjacent segment degeneration and increased lordosis on imaging tests, (2) the frequency and severity of clinical sequelae of these findings, including revision surgery, and (3) the sequence of degeneration and risk factors for degeneration 10 years after anterior lumbar interbody fusion with percutaneous pedicle screw fixation for treatment of low-grade isthmic spondylolisthesis.
Patients and Methods

Patient Cohort
Approval of our institutional review board for this retrospective study was obtained. Seventy-three patients were treated with anterior lumbar interbody fusion with percutaneous pedicle screw fixation for low-grade isthmic spondylolisthesis at a single institution according to an established evaluation and followup protocol from October 2000 to February 2002. The preliminary report (73 patients) after 16 months of followup was published in 2004 [22] . Of the original 73 patients, 10 were lost before our report at 5 years [15] , and an additional 14 were lost to followup between 5 and 10 years; for this study, we had complete radiographic followup on 49 of the original 73 patients (67%). Complete followup included plain radiographs (including dynamic views), CT, MRI, and clinical scores. These patients underwent the following postoperative radiographic examinations: plain dynamic radiographs after 1, 3, 5, 7, and 10 years and CT and MRI after 5 and 10 years. The inclusion criteria were as follows: (1) isthmic spondylolisthesis limited to L4-L5 and L5-S1, (2) slippage of Meyerding Grade 2 or less [24] , (3) only anterior lumbar interbody fusion with percutaneous pedicle screw fixation performed, and (4) followup for a minimum of 120 months. Mean followup was 134 months (range, 120-148 months).
Anterior lumbar interbody fusion was performed at L4-L5 in 29 patients and at L5-S1 in 20 patients. The final fusion rate was 100% (Table 1) .
Procedure
Anterior lumbar interbody fusion procedures were performed using the mini-laparotomic retroperitoneal approach as previously described [22] . After discectomy, a cage (polyetheretherketone or Fidgi cage) was carefully placed at the affected level as an interbody device containing allograft bone chips in all cases. After the completion of anterior lumbar interbody fusion, all percutaneous pedicle screws were inserted under fluoroscopy.
Clinical Evaluation
Clinical outcomes were assessed by a VAS (0-10 points) for pain and by the Oswestry Disability Index (ODI) (0-100%) for function. Subjective surgical satisfaction rate was assessed by asking the patient the following question ''How satisfied were you with this operation?''
Radiographic Evaluation
Radiographic measurements were performed blindly by two neurosurgeons (KCC, HKS) not involved with the surgeries. Total L1-L5 lumbar lordosis and the segmental angle, angular motion, and degree of translation were measured for the operative and adjacent segments. Fusion was defined as the presence of trabecular osseous continuity and less than 4°mobility between segments on a flexion and extension radiography and CT scan. Disc height was calculated as an average of anterior and posterior disc height [6] . Disc degeneration grading on MRI was based on Pfirrmann grade by observing the T2-weighted image at the midsagittal plane [30] . Facet degeneration, which was examined using the grading system proposed by Weishaupt et al. [34] , was classified into four grades (0-3) and compared according to the width of the joint space, osteophyte formation, hypertrophy of the articular bone erosion, and subchondral cyst observed on the CT image. We assessed the intra-and interobserver agreement of the grading of disc degeneration on MRI and facet degeneration on CT using kappa coefficients. Both of these grades showed high intraobserver agreement, with kappa coefficients for disk and facet degeneration grading of 0.86 and 0.91 for Observer 1 and 0.82 and 0.94 for Observer 2, and high interobserver agreement, with kappa coefficients of 0.84 and 0.85, respectively, for disc and facet degeneration grading. Facet angles were measured between the faced line and midsagittal line on axial CT scan using the method of Karacan et al. [14] . The mean of the right and left facet angles was reported as the facet angle. The facet joint violation of cranial segment was examined using CT scan. A facet joint was considered violated if the screw or screw head was clearly within the facet joint [4] . Radiographic adjacent segment degeneration was diagnosed according to the following criteria: (1) olisthesis (anterolisthesis or retrolisthesis of greater than 4 mm), (2) greater than 10% loss of disc height, (3) angular motion of greater than 10°between adjacent bodies on flexion and extension radiographs, (4) osteophyte formation of greater than 3 mm, (5) disc herniation or spinal stenosis by CT or MRI, (6) change of disc degeneration of Grade 2 or greater, (7) change of facet arthropathy of Grade 2 or greater, (7) scoliosis, or (8) compression fracture [7, 17, 20, 25, 27, 29, 32] . Clinical adjacent segment degeneration referred to the development of new clinical symptoms that corresponded to radiographic adjacent segment degeneration, a VAS pain score of 6 or more for the back or legs, an ODI score of more than 40%, or if surgery was required.
Statistical Analysis
We performed statistical analyses using SPSS 1 for Windows 1 (Version 14.0; SPSS Inc, Chicago, IL, USA). Depending on the variables, intergroup differences were analyzed using Fisher's exact test or Mann-Whitney U test. Logistic regression analysis was used to analyze the assumed risk factors of facet degeneration, disc degeneration, degree of lordosis, disc height, and facet angle. The result was considered statistically significant if the probability value was less than 0.05.
Results
Adjacent segment degeneration was common in this patient population. While 30 patients showed no adjacent segment degeneration ( Fig. 1 ), radiographic adjacent segment degeneration occurred in 19 (38.8%), and clinical adjacent segment degeneration occurred in six (12.2%) ( Fig. 2 ). Adjacent segment degeneration affected the cranial segment in 16 patients (84.2%) and the caudal segment in three (15.8%). Cranial segment increases in lordosis were The types of adjacent segment degeneration present were six retrolisthesis ( Fig. 3) , five disc herniation, five aggravation of facet arthropathy (Fig. 4) , three anterolisthesis, two spinal stenosis, two aggravation of disc degeneration, and one instability. Adjacent segment degeneration was first observed after 3 years in three patients, after 5 years in seven, after 7 years in four, and after 10 years in six. The adjacent segment degeneration had progressed since the 5year followup in four patients: angular motion had progressed to retrolisthesis in three and the disc herniation had enlarged in one. The six patients with clinical adjacent segment degeneration had mean final VAS scores for back and leg pain of 5.2 and 6.2, respectively, compared with 3.2 and 2.1 for all patients. Their ODI score was 33.3% (versus 18.2% overall) and their satisfaction rate was 65.2% (versus 83.1% overall). Two patients (4.1%) underwent decompression surgery to treat clinical adjacent segment degeneration after 5 years (Table 2) .
Facet degeneration had progressed in 29 (59.2%) patients and disc degeneration had progressed in 15 (31.6%) (p = 0.024). Acceleration (change to Grade 2 or more) of disc and facet degeneration occurred in two (4.1%) and five (10.2%) patients, respectively. Facet degeneration worsened in 22 and eight patients during the first and second 5-year intervals of followup, respectively. Disc degeneration worsened in nine patients in the first 5 years and in 14 patients in the second 5 years (Table 3) .
Of the parameters examined, only preexisting facet degeneration differed significantly between patients with and without adjacent segment degeneration. The patients with adjacent segment degeneration exhibited more advanced preoperative facet degeneration (Grade 2 or more) of the cranial segment than the patients without adjacent segment degeneration (p = 0.03) ( Table 4 ). The odds ratio for adjacent segment degeneration was 18.6 (95% CI, 1.97-175.54; p = 0.01) with facet degeneration of Grade 2 versus Grade 0. Only the cranial segment facet degeneration at 10-year followup differed significantly between the two groups (p = 0.02) ( Table 5) .
Complications related to anterior lumbar interbody fusion occurred in six patients (8.2%): three iliac vein injuries, two wound hematoma, and one deep vein thrombosis. Complications related to the percutaneous pedicle screw fixation included two cortical wall violations and three screw malpositions.
Discussion
Adjacent segment degeneration is a long-term complication that can require surgery and affect clinical outcomes [31, 35] . Biomechanical alteration to the facet load and intradiscal pressure of the mobile segment are responsible for this degeneration [3, 12] . Although it has been extensively studied, the incidence of adjacent segment degeneration has a wide range and risk factors are inconsistent due to different patient populations, surgical techniques, and diagnostic methods. In this study, we studied changes in the adjacent segment in patients with homogeneous disease at a single level with long-term followup using CT and MRI. We determined (1) the frequency of adjacent segment degeneration and increased This study had several limitations. First, it was a retrospective review with a relatively small sample size. For 10year followup, it had a high dropout rate (33%) and we must consider our results as a best-case scenario. Second, there was no comparison with a control group (age-matched normal population). Therefore, adjacent segment degeneration cannot be distinguished clearly from the aging process. Third, this study did not include patient factors such as weight or smoking.
The incidence of radiographic adjacent segment degeneration in the literature ranges from 5.2% to 100% [27] .
Our incidence of radiographic adjacent segment degeneration was 38.8%. Adjacent segment degeneration occurred much more frequently in the cranial segment than in the caudal segment. Cranial adjacent segment degeneration was associated with instability, including retrolisthesis, anterolisthesis, and angulation, while caudal adjacent segment degeneration, due to L5-S1 anatomic stability, was associated with advanced disc degeneration and foraminal stenosis with disc degeneration. Anterior lumbar interbody fusion augmented by percutaneous pedicle screw fixation gained lumbar lordosis restoring disc height. We observed that the cranial segment tilted backward (hyperextension) with gain of lordosis. Local hyperextension is sufficient to posteriorly plane the upper spine. This generates an increase in stress on posterior structures, exposing them to the risk of retrolisthesis, which may result in accelerated facet joint arthritis [2] . The patients with adjacent segment degeneration had more sagittally oriented angles than the patients without adjacent segment degeneration in the cranial segment only in L4-L5 fusion, although the difference was not statistically significant. The incidence of clinical adjacent segment degeneration ranges from 5.2% to 18.5% in the literature. Our incidence was 12.2%, and 4% of those patients underwent revision surgery for this condition. Aiki et al. [1] reported 7.7% clinical adjacent segment degeneration requiring reoperation at minimum 2-year followup. Gillet [11] reported 20% adjacent segment degeneration requiring reoperation after a minimum of 5 years. According to the survival analysis by Ghiselli et al. [10] , clinical adjacent segment degeneration requiring surgery was 36.1% at 10 years. Another survival analysis obtained annual incidence rates of clinical adjacent segment degeneration ranging from 0.6% to almost 4% per year [19] . Time to second operation for clinical adjacent segment degeneration ranges from 5.2 to 7.1 years [1, 31] . Our revision surgeries were performed 5 years after initial surgery.
Many potential risk factors for adjacent segment degeneration have been described [19, 27] . These risk factors can be divided into patient-associated and surgery-related factors. Surgery-related factors are posterior lumbar interbody fusion, fusion length, injury to the facet joint of the adjacent segment, and sagittal alignment. Patient-related factors are old age, female sex, menopause, and preexisting degeneration. As all of our patients underwent anterior lumbar interbody fusion at the same institution, we examined only patient-associated factors. Patients with isthmic spondylolisthesis are relatively younger than those with degenerative spinal disease requiring fusion and maintain preoperative lumbar lordosis with minimal adjacent segment degeneration. Preexisting facet degeneration was the only risk factor we found for adjacent segment degeneration. Furthermore, preexisting facet degeneration in a hyperextended cranial segment may accelerate degeneration and increase the incidence of adjacent segment degeneration. Progression of preexisting degenerative changes is a cause of adjacent segment degeneration [13] . Some authors have suggested that an already-degenerated disc is associated with development of adjacent segment degeneration [26] . In a study of 1069 patients, Lee et al. [21] also suggested that preexisting facet degeneration was the only risk factor for adjacent segment degeneration after fusion, similar to our result. Cranial inferior facet damage can potentially contribute to adjacent segment degeneration [27] . Percutaneous pedicle screws violate the cranial facet joint more often than traditional instrumented screws [28] . Our incidence of violation of the cranial facet joint was 49%. However, cranial facet joint violation between the patients with and without adjacent segment degeneration was not significantly different.
In our study, disc degeneration had progressed in 31.6% of patients at the 10-year followup examination, although disc height had changed little. Facet degeneration had progressed in 59.2% of patients. Aging is associated with disc degeneration and facet joint arthritis [9] . Both Penta et al. [29] and Wai et al. [33] reported that the incidence of degenerative changes observed on long-term followup after anterior lumbar interbody fusion is similar to that in the normal population. These studies were performed in patients who had undergone noninstrumented anterior lumbar interbody fusion for mainly discogenic back pain, and the mean age was relatively young (45 years at final followup). Facet degeneration accelerated 10.2% and disc degeneration accelerated 4.1%. Furthermore, more facet degeneration occurred during the first 5 years of the followup period than during the second 5 years. Fugiwara et al. [9] reported that facet arthrosis on MRI appears to precede disc degeneration. They also showed that facet joint arthritis affected segmental instability [9] . Eubanks et al. [8] suggested that facet degeneration follows disc degeneration and that facet osteophytosis appears early in the degenerative process, preceding vertebral rim osteophytosis. It is not clear whether facet degeneration precedes disc degeneration or vice versa. It seems the degenerative process appears early in the facet joint. Then, facet arthrosis may accelerate disc degeneration. Radiographic adjacent segment degeneration occurred commonly in our patients 10 years after anterior lumbar interbody fusion for isthmic spondylolisthesis. However, adjacent segment degeneration requiring surgery was rare. Only preexisting cranial facet degeneration was found to be associated with development of adjacent segment degeneration.
